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DiatomEnergy transfer dynamics in dimeric photosystem II (PSII) complexes isolated from four diatoms, Chaetoceros
gracilis, Cyclotella meneghiniana, Thalassiosira pseudonana, and Phaeodactylum tricornutum, are examined. Time-
resolved ﬂuorescence measurements were conducted in the range of 0–80 ns. Delayed ﬂuorescence spectra
showed a clear difference between PSII monomer and PSII dimer isolated from the four diatoms. The difference
can be interpreted as reﬂecting suppressed energy transfer between PSII monomers in the PSII dimer for efﬁcient
energy trapping at the reaction center. The observation was especially prominent in C. gracilis and T. pseudonana.
The pathways seem to be suppressed under a low pH condition in isolated PSII complexes from C. gracilis,
and excitation energymay be quenchedwith fucoxanthin chlorophyll a/c-binding protein (FCP) that was closely
associatedwith PSII in C. gracilis. The energy transfer between PSII monomers in the PSII dimermay play a role in
excitation energy regulation in diatoms.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Photosystem II (PSII) is a multisubunit pigment–protein complex
embedded in the membrane of oxygenic photosynthetic organisms.
Crystallographic models have enabled determination of the accurate
molecular architecture of the PSII core complex, which is in a dimeric
form [1]. Single-particle electron microscopy of isolated PSII complexes
suggests that several light-harvesting antennas are associated with
the dimeric PSII core complex in green algae and higher plants [2–4].
Kirchhoff and co-workers reported on the dimeric PSII in the photosyn-
thetic membrane by atomic force microscopy [5]. Some subunits and
lipids of the PSII core complex are required for the efﬁcient formation
and stability of the dimeric form in vivo [6,7]. A recent report suggested
that the assembly of PSII dimers differs depending on the presence or
absence of the Sll0218 protein that expresses in cyanobacteria under
low CO2 conditions [8]. The dimeric/monomeric forms of PSII could be
adjusted for environmental conditions; however, the roles of the dimer-
ic form remain incompletely understood.m II; RC, reaction center; FCP,
hyll; FDAS, ﬂuorescence decay-
ectraWe have demonstrated that the marine cyanobacteria,
Prochlorococcus, used energy transfer pathways between PSII mono-
mers in the PSII dimer to acquire high light tolerance, whereas
Synechocystis did not rely on the pathways [9]. Prochlorococcus have
prochlorophyte chlorophyll (Chl)-binding proteins as PSII antennas
[10]; on the other hand, Synechocystis possesses hemidiscoidal
phycobilisome [11]. The energy transfer pathways in the PSII dimer
might be associated with the change of light-harvesting antennas.
Diatoms are unicellular photosynthetic eukaryotes possessing the
fucoxanthin Chl a/c binding proteins (FCP) as light-harvesting antennas
[12]. We isolated two types of FCP complexes, an oligomeric FCP-A
(FCPo) and a trimeric FCP-B/C (FCPt), from a marine centric diatom
Chaetoceros gracilis [13]. This study suggested that FCP-A closely binds
to the PSII core complex, and FCP-B/C acts as peripheral antennas in
PSII. The FCP-A oligomer and FCP-B/C trimer are the components of
the PSII-speciﬁc antenna FCPII that was puriﬁed from PSII complexes
[14]. The excitation energy transfer processes in these FCP complexes
were analyzed by obtaining the time-resolved ﬂuorescence spectra
(TRFS) and the ﬂuorescence decay-associated spectra (FDAS) [14–16].
We also isolated the oxygen-evolving PSII particles containing FCPII
(PSII–FCPII complex) and the oxygen-evolving PSII complexes that
contain a small amount of FCP-A (PSII complex) [17,18]. TRFS studies
using both PSII complexes showed that the ﬂuorescence properties
of the PSII complex are similar to those of the PSII core complexes iso-
lated from Synechocystis, whereas the PSII–FCPII complex exhibits
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Fig. 1. Absorption spectra of (a) FCPo and (b) FCPt isolated from Chaetoceros gracilis,
Cyclotella meneghiniana, Thalassiosira pseudonana, and Phaeodactylum tricornutum.
Measurement temperature was 77 K. The amplitudes were normalized at 669 nm.
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seconds, even under low-light growth conditions [19]. Furthermore,
similar delayed-ﬂuorescence spectra, reﬂecting excitation energy
distribution after charge recombination in PSII [9,20,21], were observed
in both PSII complexes. Thus, the diatom C. gracilis is a good model
for biochemical and spectroscopic studies of diatom FCP and PSII in
addition to physiological and mutagenesis studies [22,23].
Three diatom species have been used for the isolation and character-
ization of FCP complexes: Cyclotella meneghiniana [24], Thalassiosira
pseudonana [25], and Phaeodactylum tricornutum [26,27]. Especially,
FCP complexes of C. meneghiniana have been studied well in their ener-
gy transfer and quenching mechanisms [28,29]. In addition, C. gracilis
has also been investigated. The FCP complexes isolated from the four
diatoms were in the forms of FCPo and FCPt. We conﬁrmed the FCPo
and FCPt forms by clear-native PAGE (CN-PAGE) after solubilizing of
thylakoids isolated from the four diatoms, although P. tricornutum did
not contain FCPo [30]. The CN-PAGE analysis also showed the isolation
of the PSII core dimer and monomer. It is interesting to note that
the polypeptide components and molecular organizations of pigment–
protein complexes vary among the four diatoms [30]. Gundermann and
Büchel reported that isolated FCP showed ability for non-photochemical
quenching under a low-pH condition [31]. The various FCP properties
may be associated with the degree of dependence on the energy transfer
pathways between PSII monomers in the PSII dimer.
In this study, we analyzed the energy transfer pathways in FCPs and
the dimeric/monomeric forms of PSII isolated from the four diatom
species. The FCP and PSII dimer/monomer samples were isolated by
CN-PAGE. In addition, the PSII complex was also isolated from
C. gracilis by chromatography, and used for spectroscopic analyses.
The pH dependence of spectral properties was investigated using the
PSII complex.
2. Materials and methods
2.1. Sample preparations
Cells of C. gracilis, C. meneghiniana, T. pseudonana, and P. tricornutum
were grown under continuous illumination at 30 μmol photonsm−2 s−1,
as described previously [30]. FCP oligomer and trimer (FCPo and FCPt,
respectively) and PSII core dimer andmonomer (PSIId and PSIIm, respec-
tively) were isolated from each diatom using CN-PAGE according to the
method of Nagao et al. at pH 7.0. [30]. Each band in CN-PAGEwas excised
and put into quartz tubes of 5-mm diameter, and stored at 77 K until
spectroscopic measurements [21]. We note that the prominent band of
FCPo was not obtained from P. tricornutum [30]. In all FCP samples, Chl c
and carotenoids transferred their excitation energy to Chl a, indicating
intactness (Supplementary Fig. 1).
Oxygen-evolving PSII complexes containing a small amount of
FCP-A (PSII complex) were isolated from C. gracilis, as described pre-
viously [18]. The PSII complex (1 mg of Chl ml−1, pH 6.5) was stored
at 77 K until spectroscopic measurements. For pH dependence ex-
periments, 20 μL of the PSII complex was diluted in 1.5 mL of a medi-
um containing 1 M betaine, 50 mM MES–NaOH (pH 6.5 or 4.5). To
investigate the reversibility, 20 μL of the PSII complex was diluted
in 1.5 mL of the medium (pH 4.5), then 200 μL of the diluted sample
was re-diluted in 1.5 mL of the pH 6.5 medium.
2.2. Spectroscopic measurements
Steady-state absorption spectra were measured by a spectrometer
equipped with an integrating sphere (JASCO V-650/ISVC-747) at 77 K,
as described previously [32]. Time-resolved ﬂuorescence spectra
(TRFS) were measured by the time-correlated single-photon counting
method at 77 K and 283 K, using a method previously reported [9,21,
33]. The second harmonic (425 nm) of a Ti-sapphire laser (Tsunami,
Spectra-physics, Mountain View, CA, USA) was generated by anLBO crystal and used for excitation. The repetition rate of the pulse
trains was 2.9 MHz, which did not interfere with measurements up
to 100 ns (24.4 ps/channel × 4096 channels). To improve time resolu-
tion, the time-resolved ﬂuorescence was also measured up to 10 ns
(2.4 ps/channel × 4096 channels). Excitation laser intensity was adjust-
ed to give ﬂuorescence signals of less than 10,000 counts per second
near the ﬂuorescence peak wavelengths, and samples were not
photodegraded by the laser excitation under these conditions. In
this system, the width of the instrumental response function was ap-
proximately 40 ps. Spectral data were measured at 77 K with 1-nm
intervals. Following a global analysis of the ﬂuorescence kinetics,
the ﬂuorescence decay-associated spectra (FDAS) were constructed
using the method reported previously [9,34]. In brief, ﬂuorescence
rise and decay curves were deconvoluted using free-running 5 expo-
nential components with an instrument function. All the curves were
re-analyzed using the common lifetime parameters. The amplitudes
of these exponential components as a function of emission wave-
length provided FDAS. FDAS of FCP samples were analyzed by sum
of four spectral components by IGOR (ver. 6, WaveMetrics, Inc.),
where each spectral component possessed two vibrational bands ap-
proximated by the following formula.
A exp –
x–λ0
w0
 2( )
þ
X2
i¼1
Bi exp –
x– λ0 þ λið Þ
wi
 2( )" #
:
Here, λ0 is a peak wavelength of the main band, λ0 + λi is a peak
wavelength of the vibrational band,w0 andwi are related to bandwidth,
and Bi is relative intensity of the vibrational band.We used the following
constraints: 1) Bi was grater than 0; 2) for all samples, each spectral
component possessed each common value of λ0, λi, w0, wi, and Bi;
3) for each sample, one spectral component appeared four times,
because there were four lifetime components in each sample; and
4) sum of four A values of one spectral component was greater or
equal than 0, because ﬂuorescence intensity should not be negative
value at time 0.
3. Results
3.1. Spectral properties of FCP complexes isolated from diatoms
Fig. 1a shows absorption spectra of the FCPo complex obtained at
77 K. For the C. gracilis sample, Chl a exhibited two peaks at 440 nm
1276 M. Yokono et al. / Biochimica et Biophysica Acta 1847 (2015) 1274–1282and 669 nm. Chl c also showed two peaks at 459 nm and 637 nm.
A shoulder around 530 nm was attributed to fucoxanthin [35]. These
peak positions were consistent with a previous report [15]. The
fucoxanthin peak showed higher intensity in C. meneghiniana and
T. pseudonana, while the Chl c peaks were smaller in the two species.
FCPo of C. gracilismight contain larger amount of Chl c.
Fig. 1b shows absorption spectra of the FCPt complex obtained at
77 K. The spectral shape looked similar for the four diatoms.
P. tricornutum exhibited larger absorbance in the shorter wavelength
region, reﬂecting the larger amount of fucoxanthin. Previous reports
suggested that the FCP of P. tricornutum had a higher fucoxanthin/Chl
a ratio than C. meneghiniana [36,37].
Fig. 2 shows the FDAS of the FCP complexes at 77K. Positive andneg-
ative amplitudes correspond to ﬂuorescence decay and rise compo-
nents, respectively. Four lifetime components (tens of ps, hundreds of
ps, 1.4–4.6 ns, and 5.8–7.7 ns) were necessary to ﬁt the ﬂuorescence1.0
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Fig. 2. FDAS of the FCPo and FCPt obtained at 77 K (black solid lines). The amplitudeswere norm
summation are shown as gray ﬁlled areas and gray solid lines, respectively.rise and decay proﬁles. Most samples showed similar FDAS compared
to previously reported results [15]. However, there was one exception.
For the FCPo complex of C. meneghiniana (Fig. 2c), the contribution of
the 400-ps lifetime component was very different to the other samples,
where a positive and a negative peak were observed. It reﬂects slow
energy transfer between Chl a. In the other FCP samples, the hundreds
of ps component showed only a positive peak, and the lifetime was
shorter than 300 ps, indicating quenching ability [15]. Therefore, the
quenching ability of FCPo was higher in C. gracilis and T. pseudonana,
and lower in C. meneghiniana. P. tricornutum did not show a FCPo band
in CN-PAGE [30]. We note that all FCP samples were measured under
weak light at pH 7, which may correspond to F0 condition [38].
For further analysis, we resolved each FDAS into four Chl-
ﬂuorescence components, each consisting of a main peak and a long-
wavelength tail [15]. The peak positions of the Chl-ﬂuorescence compo-
nents are summarized in Table 1. All FCP samples showed three similar00 15500 14500 13500
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alized to the sum of lifetime components longer than 1 ns. Spectral components and their
Table 1
Peak positions (nm) of spectral components in the FDAS of FCPo and FCPt.
FCPo FCPt
C. gracilis 642/676/681/688 642/675/681/682
C. meneghiniana 642/675/679/682 642/674/679/685
T. pseudonana 642/676/679/681 642/675/679/685
P. tricornutum – 642/675/681/685
1277M. Yokono et al. / Biochimica et Biophysica Acta 1847 (2015) 1274–1282peaks around 642, 675, and 680 nm, which originated from Chl c, Chl a,
and Chl a. The lowest energy peak varied between 681 and 688 nm,
reﬂecting variation of the ﬁnal acceptor state in the FCP complexes. In
C. gracilis, the FCPo complex showed a lower energy level of the ﬁnal ac-
ceptor state compared with the FCPt complex, which was consistent
with previous results [15]. In contrast, in C. meneghiniana, the FCPt
form showed a lower energy level of the ﬁnal acceptor state compared
with the FCPo complex, whichwas also consistentwith previous results
[31]. T. pseudonana and P. tricornutum showed similar peaks to
C. meneghiniana. We note that the spectral decomposition analysis is
rough approximation, and the peak positions of the spectral compo-
nents are not absolute.
3.2. Spectral properties of PSII complexes isolated from diatoms
3.2.1. PSII monomer and PSII dimer isolated by CN-PAGE
Fig. 3 shows absorption spectra of PSII monomer (PSIIm) and PSII
dimer (PSIId) obtained at 77 K. All samples showed similar proﬁles
compared with the PSII complex that was previously reported [18]. In
brief, absorption maxima were observed at 438 and 669 nm, owing to
Chl a, and at 460 and 493 nm, owing to β-carotene. PSIIm of C. gracilis
showed larger contribution of carotenoid, which might reﬂect contam-
ination of FCP. We also note that a small amount of PSI might contami-
nate the PSIId of C. meneghiniana, T. pseudonana, and PSIIm of
P. tricornutum (Supplementary Figs. 2 and 3) [30].
Fig. 4 shows the FDAS of PSIIm and PSIId obtained at 77 K. Five life-
time components (tens of ps, hundreds of ps, 1.2–2.5 ns, 4.8–5.8 ns, and
longer than 10 ns) were necessary to ﬁt the ﬂuorescence rise and decay
proﬁles. The former four lifetime components reﬂect energy transfer
both in PSII and contaminating PSI and FCP. Especially, PSIId of
C. meneghiniana and PSIIm of P. tricornutum showed clear PSI ﬂuores-
cence signals in the former four lifetime components in FDAS (Supple-
mentary Fig. 2). PSI signals also appeared as a tail in long wavelength
region in steady-state ﬂuorescence spectra (Supplementary Fig. 3).1
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Fig. 3. Absorption spectra of (a) PSIIm and (b) PSIId isolated from Chaetoceros gracilis,
Cyclotella meneghiniana, Thalassiosira pseudonana, and Phaeodactylum tricornutum.
Measurement temperature was 77 K. The amplitudes were normalized at 669 nm.Therefore, we focused on the longest lifetime component that only
reﬂects the delayed ﬂuorescence originating from PSII [20,21]. The
delayed-ﬂuorescence spectra of all samples were well ﬁtted by the
three spectral components that were used to ﬁt the FDAS of PSII isolated
from Synechocystis sp. PCC 6803 with a slight peak shift [9]. The peak
positions of the three components were 685 nm, 689 nm, and 694 nm,
which corresponds to ‘red-Chl a’ in CP43, CP47, and CP47 [9]. In the
delayed ﬂuorescence spectra of PSIIm (Fig. 4a, c, e, g; longer than
10 ns), the 689-nm component showed a higher intensity than the
694-nm component. However, for PSIId of all diatoms (Fig. 4b, d, f, h;
longer than 10 ns), the intensity of the 694-nm component increased,
indicating increased energy transfer to the 694-nm Chl in the PSII
dimer. The relative increase was greater for C. gracilis (×3.3) and
T. pseudonana (×4.5), and smaller for C. meneghiniana (×1.9)
and P. tricornutum (×1.9). We recently found that the delayed-
ﬂuorescence spectra of the PSII–FCPII and the PSII complexes isolated
by anion exchange chromatography exhibit a peak maximum at
693 nm [19]; therefore, the spectral properties strongly indicate that
the PSII–FCPII and PSII complexes are in a dimeric form.
3.2.2. Effects of the pH dependence of energy transfer in the PSII complex of
C. gracilis
Fig. 5 shows the absorption spectrum of the PSII complex isolated
by anion exchange chromatography measured at 77 K. There was no
prominent difference in the Chl absorption with a change of pH from
6.5 (solid line) to 4.5 (broken line). Therefore, the change of pH did
not alter the properties of the electronic and vibrational states of Chls
in the PSII complex. Under both pH conditions, a shoulder around
683 nm was observed, indicating the existence of ‘red-Chls’.
Fig. 6 shows the FDAS of the PSII complex obtained at 77 K. We
previously reported the FDAS of the PSII complex of C. gracilis at
pH 6.5 (Fig. 1 in [19]). In this study, we also measured the FDAS at
pH 4.5, and analyzed both spectra using the three spectral components
(Fig. 6a and b). At pH 6.5, the 694-nm component showed the highest
intensity in the delayed ﬂuorescence (Fig. 6a, 31-ns) as was the case
for PSIId (Fig. 4b, 29-ns). However, at pH 4.5, the 694-nm compo-
nent showed a smaller intensity than the 689-nm component (Fig. 6b,
21-ns), which was similar to that observed for PSIIm (Fig. 4a, 33-ns).
This can be interpreted as reﬂecting suppressed energy transfer to the
694-nm Chl under low pH conditions.
Fig. 7 shows the ﬂuorescence decay curves of the PSII complex at
283K. At pH 4.5 (broken line), the PSII complex showed a faster ﬂuores-
cence decay, and total photon counts detected during themeasurement
(total ﬂuorescence intensity) decreased to 65%. In the early time region,
the ﬂuorescence intensity was 15% lower at pH 4.5 even though the
sample concentrationwas the same at both pH6.5 and 4.5. These results
indicate an increased quenching ability under low-pH conditions. After
the pH was increased from 4.5 to 6.5 (gray solid line), the PSII complex
showed similar decay kinetics compared with that observed at pH 6.5
(black solid line). The quenching at pH 4.5 occurred even under
DCMU condition (Supplementary Table 1), where the mean lifetime
was 0.68 ns. It may correspond to the quenched state proposed by
Chukhutsina et al. [38].
3.3. Spectral properties of intact cells
Fig. 8 shows FDAS of intact cells obtained at 77K. Six lifetime compo-
nents were necessary to ﬁt the ﬂuorescence rise and decay proﬁles. The
ﬁrst component (25–55 ps) showed a positive peak around 675 nmand
negative peaks around 690 nm and 710 nm, reﬂecting energy transfer
from FCP to PSII and PSI. In the second and third lifetime components
(95–760 ps), two peaks were observed around 690 nm and 710 nm.
The former peak reﬂects total energy trapping in PSII [38,39], while
the latter originates from the ‘red-Chl’ in PSI. The fourth lifetime compo-
nent (0.8–1.8 ns) possessed two peaks around 694 nm and 715 nm,
which arise from the 694-nm Chl in CP47 and ‘red-Chl’ in PSI. The ﬁfth
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the peak related to ‘red-Chl’ in PSI showed a difference in species.
C. gracilis (black solid line) and T. pseudonana (gray solid line) showeda peak around 705–715 nm, while C. meneghiniana (black dotted line)
and P. tricornutum (gray dotted line) showed the peak around
720–725 nm, reﬂecting a variation of ‘red-Chls’ in PSI from species to
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cence that reﬂects the excitation energy distribution after charge re-
combination in the PSII reaction center. C. gracilis (black solid line)
showed a peak at 695 nm with a shoulder at 689 nm, while the other
three species showed a peak at 689 nm with a shoulder around
695 nm. P. tricornutum showed an additional peak around 720 nm,
reﬂecting energy transfer from PSII to PSI (spillover) [21]. Red algae
relayed on the spillover [40,41], then diatomalsomight be able to utilize
the mechanism even though they lost phycobilisome in evolutionary
history.
4. Discussion
4.1. Energy transfer between PSII monomers in PSII dimer
All PSII monomers we examined showed a peak around 689 nm
in the delayed ﬂuorescence spectra (Fig. 4a, c, e, g; 21–37-ns). The
694-nm components showed a lower intensity compared with the
689-nm components that both originated from CP47. However, PSIIm
possessed the 694-nm Chl, which appeared as a negative peak in the4
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Fig. 6. FDAS of the PSII complex from C. gracilis at (a) pH 6.5 and (b) pH 4.5. Measurement
temperature was 77 K. The amplitudes were normalized to the integrated intensities of
the longest-lifetime components. FDAS at pH 6.5 (panel a), which is already published
in [19], is also shown for comparison. Spectral components and their summation are
shown as gray solid lines. Green- and orange-colored spectral component is correspond-
ing to the 689-nm and 694-nm Chl in Fig. 9, respectively.tens of ps lifetime component in PSIIm of C. gracilis, C. meneghiniana,
and T. pseudonana (Fig. 4a, c, e; 25–45-ps), where PSI did not con-
taminate these PSII monomers. Therefore, a smaller intensity of the
694-nm components in the delayed ﬂuorescence spectra of PSIIm
indicates reduced energy transfer from the 689-nm Chl to the 694-nm
Chl in CP47 (broken-line arrows in Fig. 9) [9]. However, in PSIId
of all diatoms, the intensity of the 694-nm component increased
(Fig. 4b, d, f, h, 21–29-ns), indicating energy transfer from the RC of
one monomer back to CP47 of the neighboring monomer (red arrow
in Fig. 9a) [9].
A previous report using extracted CP47 from spinach PSII core
complex suggested that ﬂuorescence intensity around 694 nm could
also be affected by protein conformation of CP47 [42].When the confor-
mation of isolated CP47was perturbed, the excitonic state related to the
694-nmcomponentwas lost, and ﬂuorescence intensity around 694 nm
may decrease. Here, our smallest sample was monomeric PSII that was
isolated under mild detergent condition, where CP47 tightly bonded to
the reaction center complex. In addition, even under low pH conditions,
a shoulder around 683 nm was observed in absorption spectrum of
the PSII complex (Fig. 5), indicating the existence of the excitonic state
related to the 694-nm component. Therefore, we deduce that the
decreased intensity of the 694-nm component in our delayed ﬂuores-
cence analyses may not reﬂect conformational perturbations of CP47,
but changes of energy transfer pathways in diatom PSII.
We can assume the dependency strength of the energy transfer
pathways between PSII monomers in the PSII dimer of the four diatom
species from comparison of the intensities of the 694-nm components.
In the delayed ﬂuorescence spectra of C. meneghiniana (Fig. 4c, 23-ns;
Fig. 4d, 23-ns) and P. tricornutum (Fig. 4g, 21-ns; Fig. 4h, 24-ns), the
694-nm component showed a 1.9 times higher intensity in PSIId than
in PSIIm. In these diatoms, about 50% of energy accepted by the 694-
nm Chl migrated via the pathways between PSII monomers in the PSII
dimer. However, in C. gracilis (Fig. 4a, 33-ns; Fig. 4b, 29-ns) and
T. pseudonana (Fig. 4e, 37-ns; Fig. 4f, 21-ns), the 694-nm component
showed a 3.3 and 4.5 times higher intensity in PSIId than in PSIIm,
respectively. C. gracilis and T. pseudonanamight rely more on the path-
ways between PSII monomers in the PSII dimer.
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The two diatoms, C. gracilis and T. pseudonana, showed similarity not
only in energy transfer between PSII monomers in the PSII dimer, but
also the quenching ability of the FCPo complex. In these diatoms, FCPo
showed a fast ﬂuorescence decay component (b300 ps) and the ampli-
tude was greater than 30% at pH 7 (Fig. 2a, 210 ps; Fig. 2e, 240 ps),
indicating partial quenching in FCPowithoutΔpH [15]. In C. gracilis, iso-
lated FCPo comprised of FCP-A, and FCP-A closely binds to the PSII core
in the PSII complex [13]. The PSII complex showed increased quenching
under low-pH condition (Fig. 7), indicating ΔpH-dependent accelera-
tion of quenching.
In C. meneghiniana, a previous report suggests that environmental
interactions and structures of the pigments are quite different between
trimer ang oligomer of FCP, indicating difference roles between FCPt
and FCPo of C. meneghiniana [37]. In C. meneghiniana, the quenching is
ΔpH-dependent [38]. Our FCPo sample isolated from C. meneghinianadid not show quenching ability at pH 7 (Fig. 2c), which is consistent
with the previous result. Chukhutsina et al. analyzed quenching mech-
anisms in C. meneghiniana, and revealed that the quenching site was
most probably located at FCPa attached to PSII core, while some FCPa
formed oligomeric structure [38]. Therefore, FCP that can closely associ-
ate with PSII core may be associated with increased quenching of
excitation energy of PSII core under low-pH condition (“Q2 site” in
Ref. [40], and “qE2” in Ref. [38]), and the FCP might also have ability to
form FCP oligomer both in C. gracilis and C. meneghiniana. The basic
mechanism of the ΔpH-dependent acceleration of quenching might be
similar in C. gracilis and C. meneghiniana, however, a balance of light-
harvesting/quenching in FCP that was able to bind to PSII core could
be different in species even under the same growth condition. There-
fore, we suspected that the energy transfer between PSII monomers in
the PSII dimer might be related to the balance of quenching in FCP
that closely associated to PSII core.4.3. pH dependence of energy transfer between PSII monomers in PSII dimer
Gundermann and co-workers reported that FCP could increase the
quenching ability under low pH conditions. FCP at pH 4.5 has a reduced
ﬂuorescence yield of about 50%when comparedwith FCP at pH 6.5 [31].
To examine the pH dependence of energy transfer between PSII mono-
mers in a PSII dimer, we used the PSII complex (dimeric formPSII with a
small amount of FCP-A) isolated from C. gracilis [18]. The absorption
spectra of the PSII complex showed no difference in the Qy band region
with a pH change (Fig. 5). Therefore, Chl-binding subunits including D1,
D2, CP43, and CP47 probably kept their intactness. However, the
delayed ﬂuorescence spectra showed substantial change. At pH 6.5
(Fig. 6a, 31 ns), the 694-nm component showed the highest intensity,
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isolated by CN-PAGE (Fig. 4b, 29-ns). After the pH was changed to 4.5
(Fig. 6b, 21 ns), the intensity of the 694-nm component decreased, as
was observed for PSIIm (Fig. 4a, 33-ns). This result indicates reduced
energy transfer between the PSII monomers in the PSII complex under
low pH conditions. The connection between PSII monomers might
become loose, and the distance and/or orientation between PSII mono-
mers may be changed under low pH conditions in vitro. The intensity
of the 694-nm component slightly recovered after the pHwas increased
to 6.5 (Supplementary Fig. 4), indicating a small recovery of energy
transfer to the 694-nm Chl. We note that the PSII–FCPII complex also
had reduced 694-nm emission in the delayed ﬂuorescence spectrum
under low pH conditions (Supplementary Fig. 5).
4.4. Possible relation between light-harvesting/quenching at FCP and
dimeric/monomeric forms of PSII
The PSII complex showed a faster ﬂuorescence decay at pH 4.5
(Fig. 7, broken line), indicating an increased quenching ability under
low-pH conditions, where the total ﬂuorescence intensity decreased
to 65%. The total ﬂuorescence intensity recovered to 90% after the pH
was increased from 4.5 to 6.5. We suspected that the quenching center
is not the PSII core itself but rather a small amount of FCP-A in the PSII
complex. This is because 1) the previous report suggested quenching
ability of isolated FCP under low pH condition [31], and 2) PSIIm did
not show prominent quenching ability compared to PSIId in C. gracilis
(Fig. 4a and b). The quenching model, responsible for the connecting
FCP located between PSII core and peripheral FCP in diatom cells,
was proposed as the “Q2 site” or “qE2”, which is activated in the
PSII-attached antenna by diatoxanthin [38,43]. We could not detect
diatoxanthin in the isolated PSII complexes [18], because C. gracilis
was grown under a low light condition (30 μmol photons m−2 s−1).
Therefore, our result suggests that the Q2 site in the connecting FCP
can quench ~35% of the excitation energy under low pH conditions
without carotenoid replacement in C. gracilis.
In the diatom PSIImonomer, the 694-nm intensity decreased, which
can be interpreted as reﬂecting suppressed energy transfer between the
689-nm Chls and the 694-nm Chl (dotted lines in Fig. 9), which was
similar to that observed for cyanobacteria with divinyl-Chls [9]. Instead,
all four diatoms used energy transfer pathways between PSIImonomers
(red arrow in Fig. 9a). Here, FCP-A was associated to PSII, and the exci-
tation energy was transferred from FCP-A to the PSII reaction centers.
There were two possible destinations for energy transfer from FCP-A;
PSII core directly attached to the FCP-A (arrows with * in Fig. 9a), and
the neighboring PSII core in the PSII dimer (arrows with ** in Fig. 9a).
At pH 4.5 (Fig. 9b), the neighboring PSII core was no longer able to be-
come the destination because of the lack of energy transfer pathways
between PSII monomers. Then, the excitation energy distribution
increased in FCP-A, where the Q2 quenching site trapped excitation
energy efﬁciently. The pH dependent switching of energy transfer
pathways between PSII monomers could increase the trapping efﬁcien-
cy of the Q2 quenching site.
4.5. The dimer formation of PSII in vivo
It is widely accepted that PSII complexes function as dimers in vivo,
whereas the monomeric PSII may be an intermediate of the normal
assembly and repair of PSII [44,45]. Our previous result also suggested
that PSII mainly existed as a dimer in C. gracilis under a low-light condi-
tion, while C. meneghiniana, T. pseudonana, and P. tricornutum showed
both PSII dimer and monomer bands after isolation with CN-PAGE
[30]. Furthermore, the de novo protein synthesis in C. gracilis cells
with [35S]-methionine showed that the main form of PSII is the dimer
under the low-light conditions [22]. In this study, we analyzed the
delayed ﬂuorescence spectra of intact cells of these four diatoms, and
found that C. gracilis showed a peak at 695 nm with a shoulder at689 nm, while the other three species showed a peak at 689 nm with
a shoulder around 695 nm (Fig. 8, 21–41 ns). C. gracilismight use the
energy transfer pathways between PSII monomers in PSII dimer domi-
nantly, while other three diatoms less utilized the pathways in vivo
under our growth condition. Here, PSII dimer isolated from both
C. gracilis and T. pseudonana may have efﬁcient energy transfer path-
ways between PSII monomers (Fig. 4b, f). Therefore, we suppose that
the diatom PSII can function as a dimer, although the interaction
strength between PSII monomers varies depending on the growth
conditions. The light harvesting ability and optimal growth light inten-
sity differ between species; therefore, the pH conditions on the stromal
side may differ in species even with the same growth light condition. At
this time,we are unable to elucidate the exact distance between the PSII
monomers in vivo. However, the change of energy transfer between PSII
monomers in the PSII dimer may play a role in excitation energy regu-
lation for the four diatom species.
5. Conclusion
We analyzed the energy transfer pathways in FCPs and PSII com-
plexes in four diatoms, C. gracilis, C. meneghiniana, T. pseudonana, and
P. tricornutum. All four diatoms used energy transfer pathways between
PSII monomers in the PSII dimer. C. gracilis and T. pseudonana appeared
to relay on the pathways. Furthermore, the low pH condition reduced
the 694-nm ﬂuorescence intensity in the delayed ﬂuorescence spec-
trum, which can be interpreted as decreased energy transfer between
PSII monomers in C. gracilis. At the same time, the quenching ability
increased in parallel in C. gracilis.We conclude that PSII complexes func-
tion as dimers in diatoms; however, the interaction strength between
PSII monomers may differ with pH condition. The pH-dependent
switching of energy transfer pathways between PSII monomers in
the PSII dimer could increase the trapping efﬁciency in FCP under
non-photochemical quenching conditions. Further work is needed to
demonstrate that the switching actually relates to the efﬁciency of
quenching in vivo.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2015.07.006.
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